The use of synthetically derived poly(lactic-co-glycolic acid) scaffold and naturally derived materials in regeneration of intervertebral disks has been reported in many previous studies. However, the potential effect of poly(lactic-co-glycolic acid) in combination with atelocollagen or fibrin or both atelocollagen and fibrin bioscaffold composite have not been mentioned so far. This study aims to fabricate and characterize three-dimensional poly(lactic-co-glycolic acid) scaffold incorporated with (1) atelocollagen, (2) fibrin, and (3) both atelocollagen and fibrin combination for intervertebral disk tissue engineering application. The poly(lactic-co-glycolic acid) without any 
Introduction
Low back pain (LBP) is considered as an extreme health problem causing enormous economic burden to the population worldwide. 1 Global Burden of Disease Study, 2013, ranked LBP among the top 10 greatest contributors to health disability in every country more than diabetes, chronic obstructive pulmonary disease, and asthma combined. 2 Degeneration of intervertebral disk (IVD) is a major contributing factor to LBP despite the existence of other numerous factors. 3 Despite the fair success in surgical treatments, the outcomes are highly variable and unpredictable for individual patients. 4 In case of IVD implants, majority of available prostheses are unknown in terms of durability and even further accelerate spinal stenosis as a long-term complication. 5 IVD is mainly composed of centrally located nucleus pulposus (NP) and outer annulus fibrosus (AF). The constituent of gelatinous NP and fibrocartilage AF are primarily proteoglycan and type I and II collagen, respectively. 6 Tissue engineering (TE) principles provide promising alternative to restore the degenerative condition of IVD structure to the native functional state. 7 Main components of TE comprise the use of biomaterial scaffold, cell source, and signaling molecules. Selection of appropriate scaffold depends on biocompatibility, biodegradability, mechanical properties, and choice of biomaterial from which the scaffold should be fabricated. 8 Both NP and AF cells were used as source in regeneration studies of IVD with latter has higher growth kinetics profile. 9 Therefore, AF is used as the cell source in this study.
Poly(lactic-co-glycolic acid) (PLGA) is the one of the important biodegradable polymers that has prominent advantages in terms of biocompatibility, controllable biodegradability, and processability. 10 Despite its advantages, PLGA is reported to exhibit low cell attachment, 11 to induce inflammation, 12 and tends to float on culture media. 13 Its high interfacial free energy in aqueous solution may influence the early stage of interaction of cell compatibility. 14 Incorporation of natural scaffold may compensate the disadvantages of PLGA.
Collagen, natural substance of extracellular matrix (ECM), is known to demonstrate better cellular adhesion and proliferation when blended with polymers. 15, 16 Collagen sponges incorporated onto PLGA scaffold facilitated cell seeding allowing chondrocytes to attach and proliferate and maintained rounded morphology. 17 Due to the issue of detachment of collagen under culture condition, Wen et al. 11 opted grafting collagen on PLGA fibers using cross-linking method. Cell attachment was increased significantly, and the cytotoxicity was lower than ungrafted scaffolds. In contrast to its advantages, collagen itself may pose immunogenic reaction due to its telopeptide region; thus, atelocollagen may be used as an alternative. 13 Atelocollagen possesses low antigenic properties in which the telopeptide region is removed by means of pepsin digestion and differential salt precipitation during purification. 18 Takechi et al. 13 demonstrated that the incorporation of atelocollagen with PLGA scaffolds resulted in better cell attachment, proliferation, and histological response compared to PLGA alone.
Besides atelocollagen, fibrin has been used in a wide range of tissue regeneration applications. 19 Fibrin incorporated with PLGA is reported by Sha'ban et al. 20 to have better proliferation of AF cells compared to NP cells with higher production of ECM. Suitability of the use of fibrin is largely due to its ability to perform as space filler and facilitate cell delivery onto patient's defect in a minimally invasive manner. 21 Promising alternative for biomaterial may be achieved by combining atelocollagen and fibrin to produce optimum functionality in regeneration of IVD. Few reports suggested the combination of atelocollagen and fibrin in articular cartilage defect and osteochondral lesion. [22] [23] [24] Hence, it would be of interest to study the combination of atelocollagen and fibrin incorporated onto PLGA scaffold for IVD regeneration.
Materials and methods

Scaffold fabrication
PLGA (33 kg/mol, mole ratio: 50:50, RG 503H, Boehringer Ingelheim Pharma, Germany) was fabricated by dissolving it in methylene chloride (Merck, Germany) with the concentration of 20% (w/v). 25 Sodium chloride (NaCl, Merck, Germany) sieved salt particles with the size of 350-400 µm were added to the mixture and casted onto a silicone mold (7 mm in diameter and 3 mm in thickness). Microporous three-dimensional (3D) PLGA is formed after the salts were leached out from the scaffolds in water for 24 h with several changing of water. The scaffolds were frozen for 3 h and underwent freeze drying process (Eyela FDU-1200, Tokyo Rikakikai, Japan) for 24 h. Poly(lactic-co-glycolic acid)-atelocollagen (PA) scaffolds were fabricated by immersing the scaffolds in cross-linking solutions, that is, 40 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Thermofisher Scientific, USA) and 20 mM N-hydroxysuccinimide (NHS) in 2-ethanesulfonic acid (Thermofisher Scientific, USA) for 1 h. The scaffolds were washed with sterile water to remove excessive unreacted EDC/NHS. A total of 100 µL of atelocollagen (Cosmobio, Japan) was pipetted onto the PLGA scaffolds and incubated for 2 h at 37°C. The scaffolds were freeze-dried and kept upon use. For poly(lactic-co-glycolic acid)-fibrin (PF) scaffold and poly(lactic-co-glycolic acid)-atelocollagen-fibrin (PAF) fabrication, plasmaderived fibrin (whole blood collected from aural artery of rabbit's ear and centrifuged at 4800 r/ min for 6 min) was homogeneously mixed with calcium chloride (Green Cross P.D. Company, Yongin, Korea) at ratio 5:1 prior pipetting onto the PLGA/PA scaffold, respectively. After incubation for 2 h at room temperature, the scaffolds were freeze-dried and kept with silica at room temperature until use.
Attenuated total reflectance Fourier transform infrared spectroscopy
The incorporation of atelocollagen, fibrin, and both atelocollagen and fibrin combination into PLGA scaffolds was evaluated with attenuated total reflectance Fourier transform infrared (ATR-FTIR). 26 Infrared spectra for all scaffold groups were measured using Spectrum Two Fourier transform infrared (FTIR) Spectrometer (Pelkin, USA) with spectral range of 4000-400 cm −1 and 4 cm −1 resolution. Freeze-dried samples of each scaffold groups were placed on platform and gently pressed down with pressure tips. The spectrum produced was normalized by comparing to the ambient air spectrum as the background. The presence of amide bond indicates positive incorporation of atelocollagen or fibrin on PLGA scaffold.
Morphology observation
The morphology and pore structures of all scaffold groups were observed with JSM-6700F field emission scanning electron microscope (FESEM, JEOL, Japan). The scaffolds were cut in small pieces with razor blade, oriented, and placed on the stub using carbon paint. The samples were coated with gold using JFC-1600 auto fine coater and viewed under scanning electron microscope (SEM) with voltage of 10 kV.
Porosity analysis
Total porosity of the scaffold groups was determined using gravimetric analysis. The scaffold groups were weighed before and after immersion in absolute ethanol (Leica Biosystems, USA). Ultrasonicator bath (Soniclean, Australia) was used to facilitate efficient penetration of ethanol inside the scaffolds. The porosity measurement is calculated based on the following equation 
Swelling test
The effect of PLGA-based scaffolds on water absorption capacity was determined by immersing the scaffolds in water at 37°C for 24 h. The scaffolds were weighed before (W 0 ) and after placement in water (W 24 ). The percentage of water absorption (S WA ) of the scaffold was calculated as follows
where W 24H is the wet weight of scaffold after 24 h of immersion in water and W 0 is the initial weight of the scaffolds. The percentage of absorption (S WA ) values were expressed as mean ± standard deviation (SD) (n = 3).
Thermal properties evaluation
Differential scanning calorimetry (DSC) was performed to study glass transition temperature, T g of scaffold groups. 27 Samples (10-20 mg) were transferred to seal aluminum pan and subjected to cooling and heating at 10°C per minute with temperature range of −30°C to 150°C.
Mechanical properties assessment
Compression testing was performed on dried samples using Instron E3000 (ElectroPuls ® E3000-LT Series Test Instrument, Instron, USA) at crosshead speed of 1 mm/min at room temperature. The compression modulus was determined from slope projected from the linear portion of the stress curve.
pH measurement
Evaluation on pH level was performed on each scaffold groups immersed in simulated body fluids for 21 days. 28 The measurement was taken before and after immersion at a temperature of 37°C.
Cytocompatibility test using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Merck, Germany) assay was performed on the construct consisting of scaffold groups seeded with AF cells. 25 
Morphology of cell-scaffold interactions
The morphology of cell-scaffold interaction for all scaffold groups was observed with JSM-6700F FESEM (JEOL, Japan). The constructs (cell-scaffold) were fixed with 2.5% glutaraldehyde and post-fixed with 1% osmium tetroxide for 24 and 2 h, respectively. Dehydration steps were performed on the constructs in graded series of ethanol (50%, 70%, 90%, and 100%) for 10 min for each wash. The samples were then dried with hexamethyldisilazane and subsequently sputter coated with gold and observed under FESEM.
Statistical analysis
All quantitative results were analyzed using one-way analysis of variance (ANOVA) with confidence level of 95% and post hoc analysis. The triplicate data are expressed as mean ± SD, where significance is noted when p < 0.05.
Results
Interaction between atelocollagen and fibrin on PLGA scaffold
The spectra of ATR-FTIR exhibited two notable peaks, that is, 1652.58 and 1555.75 cm −1 for PA and PAF, respectively, which correspond to specific presence of stronger and weaker amide bond formation. The peak for PF is slightly lower compared to all other groups. No peak of amide bond was observed for PLGA scaffold (Figure 1 ).
Scaffold groups morphology
Outer appearance of all scaffold groups is much identical with one another. SEM micrographs displayed porous structure of all scaffold groups ( Figure 2) . Addition of atelocollagen, fibrin, or both significantly reduced the porosity of PLGA. The total porosity of each scaffold as determined by gravimetric method was 85.96% ± 3.10%, 64.33% ± 3.27%, 61.99% ± 5.98%, and 63.63% ± 2.13% corresponding to PLGA, PA, PF, and PAF, respectively ( Figure 3) .
Effect of scaffold groups on swelling ratios and glass transition temperature
The water uptake ability of the scaffolds was in the range of 40%-193%. Incorporation of atelocollagen on PLGA (PA, 192.57% ± 41.96%) significantly increases the swelling ratio compared to other groups of scaffold (PLGA = 40.19% ± 4.89%, PF = 52.00% ± 23.48%, and PAF = 66.59% ± 13.38%). No significant increase in swelling is observed with addition of fibrin solution (Figure 4) .
The glass transition temperature of all scaffold groups showed peak between 32°C and 47°C. PLGA, PAF, PF, and PA exhibited glass transition temperature of 32°C, 39°C, 38°C, and 47°C, respectively. Incorporation of atelocollagen, fibrin, and both combination manages to slightly increase the glass transition of PLGA.
Mechanical properties of all scaffold groups
The compression strength of all scaffold groups tested was 0.252 ± 0.06, 0.897 ± 0.020, 0.246 ± 0.114, and 0.683 ± 0.09 MPa corresponding to PLGA, PA, PF, and PAF, respectively ( Figure 5 ). 
Effect of scaffolds on pH
All scaffold groups demonstrated lower pH level after immersion in simulated body fluid for 28 days (Figure 6 ). PLGA significantly reduced pH level 7.00 to 4.23 ± 0.27. All other groups demonstrated higher pH levels with PA = 6.83 ± 0.21, PF = 6.36 ± 0.67, and PAF = 6.45 ± 0.49. 
SEM observation on cell-scaffold morphology
AF cells showed comparable adhesion characteristics on all scaffold groups. The cells attached on PF and PAF are more extended and spread in morphology compared to PLGA and PA scaffolds (Figure 8 ).
Discussion
Biomaterial scaffold plays significant role in tissue regeneration in terms of cellular attachment and ECM deposition. 29 Combinations of natural and synthetic biomaterials are mutually important in compensating the deficiency of one another. This study fabricated PLGA scaffold incorporated with atelocollagen, fibrin, and both combinations. Successful incorporation of PLGA with atelocollagen, fibrin, or both atelocollagen-fibrin combinations is demonstrated by the presence of amide bond at 1653 and 1556 cm −1 . Collagen is reported to display amide bands mainly at 1650, 1560, and 1235 cm −1 . The protein amide C=O and amide N-H correspond to the stretching vibrations of 1650 and 1560 cm −1 , respectively. 30 EDC/NHS cross-linker facilitated the formation of amide bond between the carboxyl group of PLGA and amine group of atelocollagen. Cross-linking is important to prevent leaching out of the material from scaffold. The mechanisms involve activation of carboxylic groups of PLGA which allows it to react with hydroxyl and primary amines resulting in the formation of amide bond. 31 Lower stretching band is observed in addition of fibrin suggesting weaker interaction between PLGA and fibrin.
Fabrication of PLGA scaffold involves the simple method known as salt leaching and solvent casting technique. This conventional technique effectively forms pores inside of PLGA spaces by sublimation of the solvent and reaction with hydrated NaCl causing interconnection between PLGA molecules. 32 Interconnected pore structures enable better cellular penetration of cells and diffusion of nutrients within the scaffolds as well as waste product excretion. 8 Porosity characteristic is a significant feature for biodegradable scaffold. Total porosity comprised the macroporosity and microporosity, which form during leaching of salt. This study demonstrated reduction in total porosity of the PLGA scaffold after incorporation with atelocollagen, fibrin, and both. The range of porosities is between 63% and 85%, which is theoretically below the range of 75%-97%, which is reported suitable for IVD tissue regeneration. 33 Although the level of porosity is reduced, water uptake capabilities of PLGA incorporated with atelocollagen is higher than PLGA alone.
Proper swelling ratio of biomaterial scaffold is important in mimicking the capacity of holding water for tissue application. 34 The interaction between water and biomaterial scaffold depends on its hydrophilicity and intermolecular forces. The presence of methyl group on the side chain of PLGA corresponds to its hydrophobicity and hinders the formation of hydrogen bonding thus lowering the swelling capacity of PLGA scaffold compared to other groups of scaffolds. 35 Swelling ratio of PA in this study is 4.8 times higher than PLGA. Polarity of amide bond may facilitate the entry of water making the scaffold more hydrated and overcome the hydrophobicity of methyl group. However, incorporation of fibrin did not exhibit the same effect. The interaction of fibrin and atelocollagen may overcome the effect of atelocollagen alone. The filling of porous structure of PLGA and PA and self-aggregation fibrin fibers may reduce water absorption capacity of the scaffold. 36 Atelocollagen is a special type of collagen which is devoid of telopeptide region. Owing to its lack of antigenicity, various cell types are used together with atelocollagen. Both use of atelocollagen gel and sponges have been reported in previous papers. Gruber et al. 37 demonstrated that collagen sponges provide better ECM production compared to gel formation. In this article, PLGA-atelocollagen was lyophilized at −80°C after incubation at 37°C. The frozen water inside the gel was sublimated, thus making it integrated well with PLGA scaffold. Glass transition temperature, T g , is important in evaluating the intrinsic properties of polymer. Higher temperature of T g corresponds to the stability of the polymer. Incorporation of atelocollagen, fibrin, and both combinations increases T g of PLGA scaffolds. Cross-linking of both atelocollagen and fibrin corresponds to higher temperature needed to change the state of the polymer. The formation of amide bond may suggest the higher T g . Addition of NHS effectively increases the covalent bonds and raises the denaturation temperature. The peak of PLGA in this study is lower than that of the previous literature which stated the PLGA 50:50 and T g between 35°C and 41°C. 38, 39 Significant enhancement of PLGA mechanical strength is observed with cross-linking of either atelocollagen (PA) alone or combination with fibrin (PAF). Compressive strength of both PA and PAF increases 3.5 and 2.7 times, respectively, compared to PLGA. The values recorded here are much higher than previous literature reported on human AF compression moduli which is around 0.12-0.56 MPa. 40 Addition of fibrin did not cause significant difference on PLGA mechanical stability. Atelocollagen's nature of changing from liquid to gel-like appearance may contribute to overall integrity of the structure. PLGA undergoes bulk degradation when in contact by water resulting in reduced local pH. 41 Acidic pH is an indicator for IVD degeneration with negative effect on its functionality. 42 All scaffold groups manage to reduce significantly the effect of acidic pH.
Cell survival on biomaterial scaffold is vital in cell attachment and growth. Increased number of cells on scaffold surface demonstrated enhanced cellular adaptation to the microenvironment. 43 All scaffold groups in this study facilitated cell proliferation with PAF has the highest biocompatibility compared to all groups. After 21 days of incubation, the cell number in PAF increased to more than 2.6 times compared to PLGA alone. PA and PAF did not have significant viability in comparison to PLGA. Although PLGA is reported to have negative effect on cellular adhesion due to the hydrophobicity of biomaterial, 44 this study displayed otherwise. Atelocollagen and fibrin combination may increase hydrophilicity by interacting with adhesion proteins allowing more cells to adhere and proliferate. 13 In terms of cellular attachment, shapes and distribution of cells influence cellular interaction within scaffolds. PAF and PF demonstrated better adhesion on cellular morphology in terms of cellular spreading and extension. Addition of fibrin may potentiate better adhesion and proliferation of cells.
Conclusion
The incorporation of PLGA with atelocollagen demonstrated better swelling ratios, thermal stability, mechanical strength, and cellular proliferation of AF cell. Addition of fibrin onto atelocollagen may not significantly increase the effect in terms of biomaterial intrinsic properties but it might enhance cellular adhesion and proliferation. However, further evaluation of in vitro biochemical analysis and in vivo implantation need to be performed to validate the potentiality of the scaffolds.
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